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Modeling Capacity and Coefficient of Performance 




 21 County Road 1238 
 Vinemont, AL 35179-6301, USA 
Tel.: (256) 775-2871 




A rather complex mathematical model of a running refrigeration or air-conditioning compressor has been developed. 
The model is capable of predicting capacity and coefficient of performance of a compressor with acceptable 
accuracy. The input data consists of over sixty variables such as dimensions and tolerances of major parts of the 
compressor, thermodynamic and fluid mechanic properties of a refrigerant, oil viscosity, as well as the torque, 
power, and energy efficiency characteristics of an electric motor. The model has  four major parts. The first part is a 
model of flow of gas through the suction valve. The second part is a model of flow of gas through the discharge 
valve [1]. The third part is the model of the leakage of gas through the clearance between the cylinder and the piston 
[2]. The fourth part is a model of electric motor torque and efficiency [3]. The loss of energy due to the viscous 
friction in bearings, and due to the viscous friction of the piston, is also considered. The model does not include gas 
pulsation in suction and discharge plenums and mufflers, and it does not include models of heat exchange in the 
condenser and in the evaporator. Instead, constant evaporating and condensing pressures are considered.    
 
1.  Introduction 
The ability to develop, in the shortest possible time, a refrigeration or an air-conditioning compressor that has 
required capacity and the coefficient of performance (COP) is decisive factor in the contemporary fast paced market. 
Usually, a trial and error approach is the art-of-the-day. This method is not only time consuming, but it is costly too. 
The mathematical models presented here and in [1], [2], and [3] can considerably shorten the development time. 
 
2.  Capacity of a Compressor 
The capacity is a product of circulating mass per second, and the change in enthalpy of the refrigerant  
E (1)Q=m h⋅ ∆&
  
Where Q is capacity [W], ∆hE is change in enthalpy in the evaporator [J/kg], and  is the mass-flow-rate of gas 
[kg/s]. 
m&
The mass-flow-rate , is actually equal to the net mass-flow-rate through the discharge valve , which is equal 
to 
m& DVm&
DV SV PL (2)m = m = m m−& & & &
  
The mass-flow-rates in (2) include the back-flow and the leakage through both valves. These mass-flow-rates are 
modeled by using equations (4) through (12) in [1]. Because the density of gas is different in different parts of 
compressor, and because the density of gas varies during the compression, it has to be emphasized, the correct gas 
density has to be used for each flow. For the flow out of the cylinder, the instantaneous density of gas in the cylinder 
is used. For the back flow through the valves, the density of gas in the discharge plenum and the density of gas in the 
suction plenum are used. If the density of gas inside the shell differs from the density of gas in the suction plenum, 
the density of gas in the shell shall be used to calculate positive piston leakage (the gas that enters the cylinder 
during the suction period through the clearance between the piston and the cylinder). While the flow through the 
valves, both the positive one and the leakage, is modeled as an isentropic flow, the leakage through the clearance 
between the piston and the cylinder is modeled as an isothermal flow. The mass-flow-rate calculated in (2) should 
correlate with the calorimetric measurement. 
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The theoretical mass-flow-rate is equal to the quantity of gas that could circulate through the compressor if all 






Where is theoretical mass-flow-rate [kg/s], VTHm& D is displaced volume [m3], ρS is density of gas at the specified 
point in the compressor, in his case, it is the inlet into the suction port [kg/m3], and n is sped of compressor [RPM].  
 
3.  The Mass-Transport Efficiency of a Compressor 
The mass-transport efficiency of a compressor is better criterion for comparing quality of the design and the quality 
of manufacturing of the compressor than the volumetric efficiency is. Besides the re-expansion, the ηM includes all 
other losses and effects such as gas warming, flow resistance in the valves, and all leakages. It is equal to the ratio of 







The actual mass-flow-rate that is modeled should agree with the one measured on the calorimeter. In either case, the 
speed of compressor has to be the same for both mass-flow-rates in the equation (4). 
    
4.  Energy Efficiency and COP of a Compressor 
The model calculates several energy efficiencies of refrigeration or of an air-conditioning compressor. In addition to 
the thermodynamic efficiencies of a compressor, there is also a thermodynamic efficiency of a cycle. The model can 
calculate this one too. 
The isentropic energy efficiency of a thermodynamic cycle is the ratio of the change in isentropic enthalpy in the 







Where ∆hC is the change in enthalpy in the compressor [J/kg]. 
 
For a given refrigerant, the ηCY depends only on operating conditions. It has little meaning to the compressor design 
and quality of manufacturing. In a theoretical case, when the evaporation and condensation would take place at the 
same pressure, ∆hC would be zero, and ηCY could reach infinity.   
 
The isentropic energy efficiency of the compressor is calculated as the ratio of the product of actual mass-flow-rate 





⋅ ∆η = &
 Where P is the input power on the shaft of the compressor. 
 
In the theoretical case, when the evaporation and condensation takes place at the same pressure and the same 
temperature, the change in enthalpy in the compressor would be zero, and the shaft-power would cover only passive 
resistance against the rotation, and regardless of mass-flow-rate, the isentropic energy of a compressor would be 
zero. 
 
The actual coefficient of performance is calculated as the ratio of the capacity of the compressor and the change in 
enthalpy in the evaporator to the input power on the shaft of the compressor 
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In the case of a hermetic compressor, the shaft-power P in (6) and (7) is replaced by the power PE of an electric 
motor as it would be measured on its terminals. The ratio of the shaft-power to the electric power is energy 







Since the change in the enthalpy in the evaporator is given by operating conditions, the COP is a measure of the 
effectiveness of the compressor to transport gas.    
 







The theoretical COPTH is the maximum COP a compressor can attain. The model also calculates the ratio of the 
actual COP to the theoretical COPTH . This Ratio is also a useful parameter that may be used to judge overall quality 





TH E TH E
m h
P m P (10)m h m P
P
⋅ ∆





Thus, the overall energy efficiency of a compressor is equal to the product of the efficiency of the mass-transport of 
the compressor and energy efficiency of an electric motor. 
 
5.  The Shaft-Power 
The instantaneous power necessary to drive the compressor P is equal to 
i iP =T (11)⋅ω
 
Where Ti is total instantaneous torque acting upon the shaft [N.m], Pi is total instantaneous shaft power, and ω is 
angular velocity of the crankshaft [s-1]. 
 
The total torque Ti is instantaneous torque that is equal to the sum of torques due to the compression force, the force 
of viscous friction of the piston, and the friction torques acting upon the wristpin, the crank pin, and the torque of 
main bearings. 
i CP VP WP CP BGT =T T T T T (12)+ + + +
 
The compression torque TCP is modeled as 




LD sin cosT R p p cos (13)
4 R R1 sin
L
   π ⋅ ϕ ⋅ ϕ= ⋅ ⋅ − ⋅ ϕ + ⋅   − ⋅ ϕ     
 
 
The torque due to viscous friction of piston TVP is modeled as 
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R sin cosCR 2 D L R sin cosT sin cos
D D R RL 1 sin L 1 sin
L L




In the equations (13) and (14) there is: RC crank radius [m], pC pressure in the cylinder [Pa], pS pressure in the 
crankcase [Pa], DP piston diameter [m], DC cylinder diameter [m], LP length of piston [m], LCR length of connecting 
rod [m],  φ angular position of the crank, µ dynamic viscosity of oil [N.s.m-2], and . C in the equation (14) is relative 
part of the circumference of the piston (0 ≤ C ≤ 1) filled with the oil film. 
 








D L R cosT (15)
2 D D L R1 sin
L
   π ⋅ ⋅ ⋅µ ϕ= ⋅ω⋅ ⋅ ⋅ −   − ϕ     
 
Where DWP is diameter of the wristpin [m], and DWS  is the diameter of the sleeve of the wristpin i.e. the diameter of 
small end of connecting rod [m]. 
 








D L R cosT (16)
2 D D L R1 sin
L
   π ⋅ ⋅ ⋅µ ϕ= ⋅ ω+ ⋅ ⋅ −   − ⋅ ϕ     
 









π ⋅ ⋅ ⋅µ= ⋅ω⋅ −
 
Where DBG is the diameter of main bearing [m], DBS is the diameter of the sleeve of the main bearing [m], and LBG is 
the length of main bearing. If all main bearings do not have the same dimensions, the equation (18) has to be applied 
on each bearing and the results added. 
 







Where N is the number of positions of the crankshaft, within one revolution, for which the torque is calculated. 
 
6.  Characteristics of an Electric Motor 
In order to fit an electric motor to the compressor we need to know torque-slip, and torque-energy efficiency of the 
electric motor. The slip of an electric motor, re-arranged from [3] equation (10), is 
 
International Compressor Engineering Conference at Purdue, July 12-15, 2004 
C042, Page 5 
2
1 1 1 1
12
2 2 2
T B A V T B A V 1s (19)
2 T B 2 T B B
 ⋅ − ⋅ ⋅ − ⋅= − ± − ⋅ ⋅ ⋅ ⋅ 
 
Where s12 is slip [ ], T is average torque [N.m], V is applied terminal voltage [V], A1, B1, and B2 are constants. The 
smaller of both roots of equation (19) is used. The energy efficiency of an electric motor ηE is found from equation 





D T D T 1
⋅η = ⋅ + ⋅ +
Where C1, D2, and D1 are constants. 
 
 
COMPRESSOR DATA: Dimension ELECTRIC MOTOR: Dimension
Compressor Model Model
Number of Cylinders Motor Type
Cylinder Diameter (Bore) mm Phase
Piston Diameter mm Frequency Hz
Piston Length (Active Friction Length) mm Voltage V
Crank Radius mm Start Capacitor microFarad
Length of Connecting Rod mm Run Capacitor microFarad
Equivalent Head Clearance mm Torque Constant A1 N.m/V
Compressor RPM 1/min Torque Constant B1
Shaft Diameter of Upper Main Bearing mm Torque Constant B2
Sleeve Diameter of Upper Main Bearing mm Efficiency Constant C1 1/N.m
Length of Upper main Bearing mm Efficiency Constant D1
Shaft Diameter of Lower Main Bearing mm Efficiency Constant D2
Sleeve Diameter of Lower Main Bearing mm
Length of Lower Main Bearing mm
Diameter of Crankpin mm
Diameter of Big End Of Connecting Rod mm
Width of Connecting Rod Big End Bearing mm
Diameter of Crankpin mm
Diameter of Small End of Connecting Rod mm
Length of Small End of Connecting Rod mm







Suction Gas: Dimension Discharge Gas: Dimension
Evaporating Temperature Deg. C Condensing Temperature Deg.C
Evaporating Pressure Pa Condensing Pressure Pa
Gas Density at Suction Port Temperature kg/m^3 Discharge Temperature Deg.C
Gas Viscosity at Suction Port Temperature microPa.s Gas Density at Discharge Temperature kg/m^3
Isentropic Exponenet at Suction Port Temp. Gas Viscosity at Discharge Temperature microPa.s
Enthalpy at Suction Port Temperature J/kg Isentropic Exponenet at Discharge Temp.
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SUCTION VALVE DATA: Dimension DISCHARGE VALVE DATA: Dimension
Comprerssor Model Compressor Model
Suction valve Mass 1 gr Discharge Valve Mass gr
Suction valve Mass 2 gr Discharge Valve  Stiffness N/m
Suction Valve Stiffness 1 N/m Mass of Stop gr
Suction Valve Stiffness 2 N/m Stiffness of Stop N/m
Relative Damping 1 Realative Damping of Valve
Relative Damping 2 Relative damping of Stop
Suction Valve OD mm Discharge Valve OD mm
Diameter of suction port recess mm Discharge Valve ID (Recess) mm
Depth of Suction Port Recess (if any) mm Depth of Recess mm
Suction Port Diameter mm Discharge Port Diameter mm
Length of Suction Port (without recess) mm Length of disch. port mm
Valve Lift Limitter(Stop) mm Valve Lift Limitter(Stop) mm
Valve Preload N Valve Preload N
Minimum Oil Film Thickness mm Stop Preload N
Maximum Oil Film Thickness mm Length of Valve (Reed) mm
Number of Suction Ports per Cylinder Number of Discharge Ports per Cylinder
Oil Viscosity (on valve seat) microPa.s Maximum Oil film Thickness mm
Type of Valve seat Minimum Oil Film Thickness mm
Port Inlet Coefficient Oil Viscosity (on valve seat and stop) microPa.s
Valve Drag Coefficient Valve-Stop Contact Area mm^2






RESULTS Dimension RESULTS Dimension
Compressor Suction Valve
Ideal Capacity W Suctin Valve Opens Before BDC Deg
Capacity W Suction alve Closes After BDC Deg
Capacity Percent of Ideal Capacity Angle of Valve Opening Deg
Ideal Isentropic COP Maximum Valve Lift mm
COP kg/hr Valve Seat Impact Velocity m/s
COP Percent of Ideal COP kg/hr Discharge Valve
Ideal Circulating Mass Suctin Valve Opens Before TDC Deg
Circulating Mass Discharge alve Closes After TDC Deg
Mass-Transport Efficiency Angle of Valve Opening Deg
Mean Torque N.m Valve Seat Impact Velocity m/s
Maximum Torque Nm Valve Stop Imact Velocity m/s
Mean RPM 1/min
Mechanical Power W





7. The Model 
To run the model we need to know all the input data. All the input data is divided into four categories, compressor 
data, refrigerant data, suction valve data, discharge valve data, and electric motor data. Tab. 1 and Tab. 2 is the 
example. Tab. 3 shows results of modeling. 
 
 
8.  Conclusion 
Although it may seem that it should be somewhat laborious to collect all the necessary input data, the result is worth 
of it. Most of the data is valid for more then one model of the compressor. The model was applied the model 
capacity and COP/EER of a small refrigeration compressor with acceptable accuracy.    
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Fig. 1: Compression cycle  
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